The existence, nature, and role of highly ordered membrane domains, often referred to as lipid rafts, have been highly debated by cell biologists for many years. In this issue, Raghupathy et al. describe molecular mechanisms leading to the formation of ordered lipid-protein clusters.
The lipid raft concept as a membrane organizing principle that modulates cellular functionality has been controversial ever since it was first proposed (Simons and Ikonen, 1997). The question was, do lipid rafts really exist, and if so, what is their exact composition, size, and lifetime? It has become the general notion that lipid rafts are at most transient molecular assemblies that might bring together different molecules on small spatial scales, leading to brief local increases in molecular order and compartmentalization that could influence cellular events, including signaling (Lingwood and Simons, 2010) . But what about other sources of membrane microheterogeneity?
In a technical tour de force presented in this issue of Cell, Raghupathy et al. (2015) use experiments and simulations to systematically analyze the molecular mechanisms underlying the formation of membrane assemblies comprising glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs). Synthetic fluorescent GPI-AP analogs, which the authors incorporate into the outer plasma-membrane leaflet of Chinese hamster ovary cells, exhibit nanoclustering on <100 nm scales, as indicated by a decrease in fluorescence anisotropy due to Fö rster resonance energy transfer effects (Goswami et al., 2008) . Surprisingly, nanocluster formation is remarkably dependent on the length of the acyl chain forming the GPI anchor: clustering is only observed for GPI-APs with long saturated acyl chains containing R 18 carbon atoms, suggesting an interdigitation-based mechanism. Nanoclustering diminishes upon cholesterol depletion in actin-depleted cell blebs and for mutant cell lines deficient in the innerleaflet lipid phosphatidylserine (PS). In the PS-depleted cells, only the addition of PS with at least one long saturated chain restored nanoclustering. Intriguingly, the effect is also enhanced upon expression of proteins specifically linking PS to the actin cytoskeleton-that is, protein domains capable of binding PS and able to mediate the interaction of the lipids with cytoplasmic actin filaments. Atomistic molecular-dynamic simulations confirm the observations with respect to the cholesterol-assisted inner-leaflet coupling of immobilized PS and GPI-APs, both of which again require long saturated acyl chains. The simulations also reveal an apparently high degree of molecular order in the nanoclusters. Finally, like the GPI-APs, a long acyl chain containing fluorescent phosphoethanolamine lipid analog exhibits PS-and cholesterol-dependent nanoclustering in the outer leaflet.
The experiments of Raghupathy et al. (2015) show that nanoclusters form by transbilayer coupling only in the presence of long saturated acyl chains, cholesterol, and immobilization of one of the partners (Figure 1 ). In the proposed model, it is this immobilization, usually by cortical actin, that determines where and when the clusters will be stabilized. Thus, it is actin dynamics that control domain formation at the outer leaflet of the cell membrane. Taken individually, caveats could perhaps be identified for some of the experimental approaches used by Raghupathy et al. (2015) . For example, it is not known if cell blebs, where nanoclustering is not observed, are truly actin free. However, the sum of the experimental and theoretical studies amounts to a convincing argument for a new mechanism of nanocluster formation. Interestingly, the experiments and simulations suggest that transbilayer coupling can work both ways. That is, when the GPIAPs are clustered and immobilized extracellularly, PS lipids form correlated patches intracellularly. Such effects might provide a mechanism for relaying signals from the extra-to the intracellular space of the cell.
Although the actin-dependent organization of GPI-APs into clusters was established some time ago (Goswami et al., Figure 1 . Ordered Membrane Domain Formation Raghupathy et al. (2015) provide evidence for inter-leaflet coupling as a mechanism of membrane nanoclustering of lipid-anchored molecules such as GPI-APs but only in the presence of long saturated acyl chain anchored molecules on both sides, cholesterol, and more importantly, immobilization of one of the partners-for example, by the cortical actin cytoskeleton.
2008), with the underlying mechanism now teased apart (Raghupathy et al., 2015) , the question remains of how these instances of nanoclusters fit into the more general ''lipid raft'' concept. Specifically, what is the relation of these clusters to the many different types of molecular assemblies at the membrane that have all been defined as lipid rafts, including GPI-AP clusters? The generality of traditional raft models based on detergent-resistant membrane patches (Simons and Ikonen, 1997) or phase-separated model membranes of ternary lipid mixtures has been undermined by multiple experiments (e.g., Honigmann et al., 2014a ). Yet, the principle of phase separation as a structural and functional principle cannot be fully set aside. For example, giant plasma membrane vesicles derived from living cells, which contain the cellular membrane proteins and lipids but lack cytoskeleton and are incapable of energy-dependent processes, have the potential to phase separate as well, with proteins and lipids showing a distinct preference for one of the phases, albeit at unphysiological temperatures (Sezgin et al., 2012) . It seems likely that the sources of cell membrane heterogeneity are themselves heterogeneous and that not all of the structures form via the same mechanism. For instance, although specific lipids, cholesterol, and/or the cortical cytoskeleton regulate some protein assemblies and membrane-assisted signaling events, others appear to be completely independent of these factors. Moreover, molecules observed to behave similarly in one experimental context appear to have different characteristics when observed using other approaches and conditions (e.g., different cells or expression levels).
To avoid confusion, it seems very important to defer from generalizing from single experimental or theoretical observations and specifically to avoid the temptation to refer to all types of membrane assemblies as lipid rafts. As the authors themselves stress, the new work addresses only the formation of clusters of long-acyl-chain-containing lipidanchored proteins, which may not as yet exemplify a general organizing principle. However, it is possible that processes similar to those depicted by Raghupathy et al. (2015) have an important role in the formation of other membrane assemblies. For instance, in several cases, the cortical cytoskeleton (Honigmann et al., 2014b; Kusumi et al., 2010) and inter-leaflet coupling (Spillane et al., 2014) have, among other factors such as membrane curvature (Larsen et al., 2015) , been shown to drive the organization of membrane molecules. It will be of great interest to determine the extent to which the pinning of inner-leaflet lipids to cortical actin in combination with inter-leaflet coupling involving specific lipids and cholesterol drives the transient assembly of other types of membrane molecules, if at all. An important related question concerns whether the lifetimes of the observed structures are sufficient to influence membrane protein function. At the very least, the new work sets the technical standard for these types of inquiries.
